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Summary
MreB proteins are bacterial actin homologs involved in
cell morphogenesis and various other cellular pro-
cesses. However, the effector proteins used by MreBs
remain largely unknown. Bacillus subtilis has three
MreB isoforms. Mbl and possibly MreB have previ-
ously been shown to be implicated in cell wall synthe-
sis. We have now found that the third isoform, MreBH,
colocalizes with the two other MreB isoforms in B.
subtilis and also has an important role in cell morpho-
genesis. MreBH can physically interact with a cell wall
hydrolase, LytE, and is required for its helical pattern
of extracellular localization. Moreover, lytE andmreBH
mutants exhibit similar cell-wall-related defects. We
propose that controlled elongation of rod-shaped
B. subtilis depends on the coordination of cell wall
synthesis and hydrolysis in helical tracts defined by
MreB proteins. Our data also suggest that physical
interactions with intracellular actin bundles can
influence the later localization pattern of extracellular
effectors.
Introduction
In most bacteria, the structure that defines the shape of
the cell is the cell wall (CW). In eubacteria the CW is pri-
marily composed of one or more layers of peptidoglycan
(PG). This is essentially a single huge molecule (the sac-
culus), a polymer meshwork composed of glycan strains
crosslinked by short peptides of nonstandard amino
acids (reviewed by Foster and Popham, 2001, and
Ho¨ltje, 1998). The low molecular weight precursors of
PG are synthesized in the cytoplasm and transferred
to the outside of the membrane on a lipid carrier
molecule. They are incorporated into the growing CW
sacculus by the action of PG synthases, named penicil-
lin binding proteins (PBPs). PBPs catalyze the transgly-
cosylation and transpeptidation reactions needed to
*Correspondence: rut.carballido-lopez@jouy.inra.frenlarge the polymer (Goffin and Ghuysen, 1998; Ho¨ltje,
1998). Bacterial cell walls usually contain additional
accessory polymers and surface proteins.
Expansion of the CW sacculus is complicated be-
cause it requires insertion of new material into the exist-
ing structure without compromising wall integrity. Thus,
the wall must be a dynamic structure, continuously syn-
thesized and remodeled, to allow septum formation and
cleavage during division and the insertion of new mate-
rial during growth. Various other physiological and
structural changes also require PG modification, includ-
ing the extrusion of appendages such as flagella and pili,
protein secretion, and DNA uptake in competent cells.
These various facets of wall metabolism require the ac-
tion of a set of enzymes capable of hydrolyzing the
bonds of the PG layer. A large number of such enzymes
(sometimes called autolysins) with a range of distinct hy-
drolytic activities have been described (reviewed by
Ho¨ltje, 1998, and Smith et al., 2000). So far, none of the
CW hydrolases have been found to be essential, though
this could be due to functional redundancy since most
bacteria have multiple autolysin genes. Despite the im-
portant roles that autolysins play in CW metabolism, vir-
tually nothing is known about how their activities are
spatially and temporally regulated to bring about con-
trolled CW enlargement.
The study of bacterial cell morphogenesis was re-
cently reinvigorated by the discovery that mreB genes,
which had been known to be required for cell shape
(Wachi et al., 1987), encoded structural and functional
homologs of actin (Jones et al., 2001; van den Ent
et al., 2001). MreB proteins undergo ATP-dependent ac-
tin-like polymerization into dynamic helical structures
that encircle the cell. They have been visualized in
diverse bacteria including the rod-shaped B. subtilis
and Escherichia coli (Carballido-Lo´pez and Errington,
2003a; Jones et al., 2001; Shih et al., 2003), and the di-
morphic Caulobacter crescentus (Figge et al., 2004;
Gitai et al., 2004) and Rhodobacter sphaeroides (Slovak
et al., 2005). It seemed likely that these filamentous
structures would have a direct role in determining CW
architecture, and thus cell shape, in nonspherical bacte-
ria (Carballido-Lo´pez and Errington, 2003a; Jones et al.,
2001).
Previous work on the patterns of cell wall synthesis
had suggested a relatively dispersed mode of insertion
of new material (Burman et al., 1983; Clarke-Sturman
et al., 1989; de Pedro et al., 1997; Merad et al., 1989; Mob-
ley et al., 1984; Wientjes and Nanninga, 1989). These ex-
periments also indicated that CW synthesis occurs close
to the cytoplasmic membrane and that in the thick walls
of gram-positive bacteria, the newly inserted CW mate-
rial migrates outwards as it matures, eventually being
shed, presumably by the action of autolysins, at the
cell surface. However, the existence of the helical
filaments and their apparent role in control of cell mor-
phogenesis prompted a reevaluation of the pattern of na-
scent PG incorporation. Use of a fluorescent derivative of
the antibiotic vancomycin (VAN-FL) recently revealed an
underlying helical pattern of CW synthesis in B. subtilis.
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a strain lacking Mbl (an MreB isoform) (Daniel and Erring-
ton, 2003). It is not yet understood how Mbl directs the
insertion of new PG material, but it could involve the po-
sitioning of PBPs (Figge et al., 2004) and/or other mem-
brane-associated cell morphogenesis proteins, such as
MreC and MreD (Kruse et al., 2005; Leaver and Errington,
2005; Divakaruni et al., 2005; Dye et al., 2005).
Many bacteria, particularly gram-positives, have more
than one MreB isoform. B. subtilis has three, called
MreB, Mbl (MreB like), and MreBH. Both MreB and Mbl
have been demonstrated to have important roles in the
control of cell shape. As mentioned above, Mbl was
shown to be required for lateral wall expansion (elonga-
tion) by directing the helical insertion of new PG into the
lateral CW (Carballido-Lo´pez and Errington, 2003a; Dan-
iel and Errington, 2003; Jones et al., 2001). MreB is es-
sential under normal growth conditions and has a role
in the control of cell width (Formstone and Errington,
2005; Jones et al., 2001). The precise role of MreB is still
unclear, but it might influence the synthesis, structure,
or conformation of the CW. The third MreB isoform of
B. subtilis, MreBH, was also shown to form helical fila-
ments, and depletion of the protein led to a mild mor-
phological defect (Defeu Soufo and Graumann, 2004;
Soufo and Graumann, 2003).
We have now analyzed the function of MreBH in detail.
We show that it has a distinct role in B. subtilis morpho-
genesis, probably in the control of autolytic activity over
the lateral CW, and that it carries out this function by
governing the localization of a cell wall hydrolase,
LytE. We have also found that MreBH colocalizes with
MreB and Mbl in live B. subtilis cells, potentially explain-
ing how synthesis and turnover of the CW can be coor-
dinated, thereby allowing controlled elongation of the
rod-shaped cell during growth.
Results
Cell Morphology Defect in mreBH Mutants
and Sensitivity to Low Mg2+
Preliminary results (see below) and published observa-
tions (Soufo and Graumann, 2003) suggested a mild
cell shape defect (altered cell width and/or length, and
occasionally formation of curved or bent cells) in mreBH
mutant cells. We wondered whether the effects on mor-
phology might be exacerbated by reducing the magne-
sium (Mg2+) concentration, since increased Mg2+ has
been found to rescue the phenotypes of several B. sub-
tilis mutants affected in CW formation (Formstone and
Errington, 2005; Lazarevic et al., 2005; Leaver and Erring-
ton, 2005; Murray et al., 1998; Rogers and Thurman,
1978; Rogers et al., 1976; R.C.-L. and A.F., unpublished
data). In a low Mg2+ medium (MSM) with no added
Mg2+, none of the strains tested grew because Mg2+ is
involved in a variety of essential cellular processes (not
shown). However, addition of as little as 5 mM Mg2+
allowed growth of the wild-type strain (Figure 1A). In con-
trast, the DmreBH strain was not viable at concentra-
tions of Mg2+ below 100 mM (Figure 1A). Thus, disruption
ofmreBHprevents growth ofB.subtilisat low concentra-
tions of Mg2+. In liquid cultures, very high concentrations
of Mg2+ (5 or 10 mM) completely rescued the growth and
morphology of mreBH mutant cells (Figures 1B and 1C).At intermediate concentrations of Mg2+, effects on
growth of the mreBH mutant were evident, particularly
survival of the cultures during stationary phase
(Figure 1B). Cell morphology was also affected, in that
most of the cells were curved, bent at irregular angles,
and clearly affected in length and width (Figure 1C and
Supplemental Experimental Procedures, Figure S1, and
Table S1; see the Supplemental Data available with this
article online). Electron microscopy indicated that bend-
ing of the mutant cells was correlated with localized
thickening of the CW, usually on the inside of the curve
(not shown). Control experiments showed that the phe-
notypic effects of the mreBH disruption were not gener-
ated by a polar effect on the downstream ykpCgene (Fig-
ure 1A, Table S1, and data not shown).
Helical, Dynamic Localization of GFP-MreBH
To examine the subcellular localization of MreBH in live
cells, the gene was fused to gfp. MreBH, like Mbl and
MreB, localized in helical filamentous structures that
Figure 1. Increased Mg2+ Dependence of mreBH and lytE Mutants
(A–C) Cells were grown at 37C on MSM plates (A) or MSM liquid me-
dium (B and C) supplemented with MgSO4 at various concentra-
tions. (A) Growth of the wild-type (strain 168), DmreBH (strain
2535), DlytE (strain FKD), and DykpC (strain 2550) on MSM plates
containing 5 mM, 20 mM, and 100 mM MgSO4 as indicated. (B) Growth
curves (wild-type, open symbols; DmreBH, black symbols; DlytE,
gray symbols). MgSO4 concentrations: 50 mM (circles), 250 mM
(squares), and 10 mM (triangles). (C) Effect of Mg2+ on cell morphol-
ogy. Phase contrast micrographs of ethanol-fixed cells taken at the
time indicated with an arrow in (B).
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401encircled the cell (Figure 2A) (Defeu Soufo and Grau-
mann, 2004). GFP-MreBH filaments (probably bundles
as judged from the intensity and the low background
of the fluorescence signal) ran along the cylindrical
part of the cell but did not reach the poles (arrows in
Figure 2A). To test whether the cables were fragmented
Figure 2. Helical Localization of GFP-MreBH and Colocalization of
All Three MreB Isoforms in B. subtilis
(A) Phase contrast and GFP fluorescence of typical cells expressing
a xylose-inducible GFP-MreBH fusion (strain 2565). Cells were
grown to midexponential phase in CH medium supplemented with
0.5% xylose and imaged on agarose-coated slides. The arrows indi-
cate cell poles. The arrowhead shows a division site, where the
MreBH cables are presumably broken. Scale bar: 4 mm.
(B) Membrane association of MreBH cables in spherical protoplasts
(strain 2565). Scale bar: 2 mm.
(C–F) Colocalization of all three isoforms of MreB in B. subtilis. (C)
Control experiment with a mixture of two strains bearing single
CFP-MreBH and YFP-Mbl fusions (strains 3749 and 3751, respec-
tively). The upper cell expressed only CFP-MreBH and the lower
one only YFP-Mbl. Scale bar: 15 mm. (D–F) Colocalization of MreB,
MreBH and Mbl in strains expressing two fusions as indicated.
Each set of images shows a typical group of cells imaged by (left
to right): phase contrast; separate CFP (green) and YFP (red) chan-
nels, with the images displaced to lie side by side; CFP and YFP sig-
nals merged. Image acquisition settings were as for (C). Scale bar:
5 mm.at the division sites and terminated before the cell poles,
we introduced the GFP-MreBH fusion into cells con-
taining a repressible allele of the essential cell divi-
sion gene ftsZ. Depletion of FtsZ blocks cell division at
an early stage and leads to the formation of long asep-
tate filaments (Beall and Lutkenhaus, 1991). As de-
scribed previously for the Mbl protein (Carballido-Lo´pez
and Errington, 2003a), in ftsZ filaments the GFP-MreBH
cables seemed to extend along the length of the cell fil-
aments (data not shown). Time-lapse imaging showed
that GFP-MreBH cables change configuration during
growth, indicating a dynamic remodeling during growth
(not shown). We also noticed that occasionally the GFP-
MreBH fusion dynamically localized in spotty and ring-
like structures at cell separation sites, in particular
when live cells were analyzed on polylysine slides
(data not shown). The significance of this localization
pattern is not clear, though it is interesting to note that
a similar switch has been reported inCaulobacter (Figge
et al., 2004) and E. coli (Shih et al., 2003) cells. To test
whether the MreBH cables were associated with the
cell membrane, localization was examined in rounded
protoplasts. The cables did indeed seem to extend out
to the periphery of the cells even under these conditions
(Figure 2B).
Colocalization of All Three MreB Isoforms
in B. subtilis
Because the localization of MreBH resembled those
previously reported for MreB and Mbl, we wished to
test the extent to which the patterns might overlap spa-
tially. We therefore constructed CFP and YFP fusions to
all three isoforms by using a strategy that allowed us to
examine pairwise combinations of the fusion proteins.
Control experiments showed that under the image ac-
quisition settings used for these experiments, there
was no detectable bleed through between the CFP
and YFP channels. Figure 2C shows one such control,
in which two strains expressing single fusions were
mixed prior to imaging, and two representative chains
of cells were visualized in the same field. The fluores-
cence of each cell was detected only in the appropriate
imaging channel. To our surprise, irrespective of the
pairwise combination examined, almost complete co-
localization of the CFP and YFP signals was observed
(Figures 2D–2F), indicating that all three of the proteins
are in close proximity, in a single apparently helical
structure, most of the time. This was contrary to previ-
ous reports that the three actin-like homologs form heli-
cal structures with different configurations (Jones et al.,
2001; Defeu Soufo and Graumann, 2004). The discrep-
ancy is almost certainly due to the previous experiments
being done in separate cell populations, with different
genotypes, compared with the simultaneous, same
cell imaging used here. The new data now suggest
that the three MreB isoforms in B. subtilis form single
helical structures in the cell.
MreBH Interacts with the Cell Wall Hydrolase Domain
of LytE
To identify proteins interacting with MreBH, the full-
length mreBH gene was fused to the C terminus of the
GAL4 DNA binding domain (BD) and used as ‘‘bait’’ to
screen three random B. subtilis genomic libraries
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(A) Schematic representation of the lytE gene (1002 bp). SP, signal peptide. The bars below represent the five overlapping fragments of LytE
isolated as preys (AD-LytE) when MreBH was used as bait (BD-MreBH) in yeast two-hybrid library screenings. The in-frame point of fusion of
the ORF of lytE to the GAL4 activation domain (AD) is indicated in bp for each fragment with the corresponding aa number in parentheses. Stars
indicate the three fragments used in (B).
(B) Specificity tests (in duplicate) of the interaction of MreBH with three fragments of LytE (coordinates in aa) isolated in the screen. Negative
controls included BD and AD expressed from empty vectors.
(C) MreB, Mbl, and MreBH proteins as GAL4-BD fusions tested for interaction with full-length LytE as prey (AD-LytE). The MreB and Mbl baits are
expressed in yeast and interact specifically with other proteins (not shown).
(D) AD-MreBH tested for interaction with the full-length, the CWB, and the PGH domains of LytE (BD-LytE, BD-LytECWB and BD-LytEPGH, respec-
tively). Pairs of colonies correspond to two independent matings.
(E) Schematic representation of the mreBH gene (1005 bp). The five boxes surround the conserved regions common to proteins of the actin su-
perfamily described by Bork et al. (1992) and are labeled according to the functions assigned to them on the basis of the crystal structure of actin:
P1, phosphate 1; C1, connect 1; P2, phosphate 2; A, adenosine; C2, connect 2. The bars below represent the overlapping fragments of MreBH
(AD-MreBH) repeatedly isolated as preys with LytE (black bars), PGH (white bars), or both (gray bars) as baits. The in-frame points of fusion and
the starting codons are labeled for each fragment as in (A).expressing fusions to the GAL4 activation domain (AD).
Six independent rounds of screening yielded five candi-
date partners of MreBH (data not shown). Among these,
different overlapping fragments of lytE (Figure 3A) were
isolated repeatedly under highly selective regimes. All
were confirmed to interact specifically with MreBH
(three are shown in Figure 3B).
The lytE gene of B. subtilis encodes a 35 kDa cell wall
hydrolase (Margot et al., 1998) comprising (N- to C-ter-
minal) a signal peptide (SP) region, a cell wall binding
(CWB) domain, and a putative catalytic peptidoglycan
hydrolase (PGH) domain (Figure 3A). The five fragments
recovered from screening all overlapped the carboxy-
terminal coding region of lytE (Figure 3A), suggesting
that the PGH domain was responsible for the interaction
with MreBH. When the full length, the CWB and the PGH
domains of LytE were tested directly, again only clones
containing the PGH domain were positive, whether as
the AD or BD GAL4 partner in the tests (Figure 3D).
LytE did not interact with well-expressed AD or BD
fusions to the other B. subtilis actin homologs, Mbl or
MreB (Figure 3C).
If the interaction between LytE and MreBH was valid,
it might be detectable in reciprocal library screenings.
We therefore used full-length LytE and the PGH (inter-
action) domain as ‘‘baits.’’ A total of 713 putative interac-
tants were isolated from the global library with the two
baits and sequenced. Of these, about half (346) of the in-
teractants were found to contain fragments of MreBH,
and these included at least 25 distinct inserts. Giventhat MreBH has not been isolated as a ‘‘prey’’ before in
numerous diverse global screening programs (Noirot-
Gros et al., 2002; P.N., unpublished data), this lends fur-
ther support to the validity of the LytE-MreBH interac-
tion. The sequences of the inserts define limits on the
interacting region of MreBH (335 aa) between aa 139
and aa 290, which comprises the phosphate 2 domain
conserved in all proteins belonging to the actin super-
family previously described by Bork et al. (1992)
(Figure 3E).
As an independent means of confirming the interac-
tion, we affinity purified recombinant-tagged MreBH
protein and tested its ability to interact in vitro with the
soluble GFP-tagged PGH (interacting) domain of LytE
fromB. subtilis cell extracts. A weak but reproducible re-
tention of PGH-GFP was detected in these pull-down
experiments (Supplemental Experimental Procedures
and Figure S2). It is likely that in vivo the interaction be-
tween the two proteins is transient and/or involves spe-
cific folding intermediates (see below), explaining why it
may be difficult to detect by this kind of biochemical
assay.
lytE Mutant Cells Display Morphological Defects
Similar to Those of mreBH Mutant Cells
LytE is predicted to have a DL-endopeptidase activity,
by homology to LytF, another important autolysin of
B. subtilis found in vegetative cell-surface extracts (Mar-
got et al., 1999; Ohnishi et al., 1999; Smith et al., 2000).
lytE and lytF single-mutant cells have a mild chaining
Control of Cell Morphogenesis by Actin Homolog MreBH
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long chains (Ishikawa et al., 1998; Ohnishi et al., 1999).
This had suggested that LytE and LytF have overlapping
functions in digesting the PG from the division septum to
allow cell separation in B. subtilis.
The interaction of LytE with MreBH prompted us to
analyze the phenotype of lytEmutant cells in more detail
and to compare it with that of mreBH. Crucially, disrup-
tion of lytE was again lethal at low levels of Mg2+. The
lytE mutant was slightly less sensitive than cells lacking
MreBH and showed partial growth at 20 mm Mg2+ on
MSM plates (Figure 1A). Detailed analysis of the lytEmu-
tant revealed that it also resembled mreBH in terms of
effects on cell shape and cell dimensions under a range
of conditions (Figures 1B and 1C and Table S1 and
Figure S1).
Functionality, Export, and Wall-Associated
Fluorescence of a LytE-GFP Fusion
Epitope-tagged LytE protein was recently reported to
localize at cell separation sites and some cell poles in
fixed B. subtilis cells imaged by immunofluorescence
microscopy (IFM) (Yamamoto et al., 2003). To test
whether LytE exhibited the same localization pattern in
live cells, and whether this was influenced by MreBH,
we analyzed the localization of LytE by GFP fusions.
The presence of a typical Sec-dependent export signal
in addition to a specific CW binding domain (Figure 3A)
suggested that LytE was secreted and retained in the
CW. Not surprisingly, the N-terminal fusion gave a dif-
fuse fluorescence, and various fractionation experi-
ments were consistent with efficient cleavage of the
GFP fusion at the signal peptidase site to produce a sol-
uble cytoplasmic GFP product (Supplemental Experi-
mental Procedures and Figures S3A and S3B). In con-
trast, the C-terminal fusion gave products of the high
molecular weight expected for the fusion protein, which
were readily visible by fluorescence microscopy (see
below). This was mildly surprising because, at least in
E. coli, GFP fusions exported by the general secretory
(Sec) system are thought not to fold correctly and thus
to be nonfluorescent outside the cell (Feilmeier et al.,
2000). In this case, the fractionation experiments
showed that the GFP fusion came in two forms: one
membrane associated (higher MW) and one wall associ-
ated (lower MW), consistent with the protein being
translocated and then cleaved and retained in the cell
wall (Supplemental Experimental Procedures, Fig-
ure S3A, and data not shown). Control experiments
showed that the LytE-GFP fusion protein was active
because it could complement a lytE null mutation and
reverse the extreme chaining phenotype of a lytE lytF
double mutant (Supplemental Experimental Procedures
and Figure S3C) and that the bulk of the fusion protein
that was exported was fluorescent. These latter controls
took advantage of the fact that LytE was known to be
susceptible to degradation by two extracellular prote-
ases, wprA and epr (Yamamoto et al., 2003). In the ab-
sence of these proteases, the levels of CW-associated,
presumed mature (lower MW) protein in particular, and
the levels of GFP fluorescence detectable were both
greatly increased, consistent with the fluorescent form
of the fusion protein being external (Supplemental Ex-
perimental Procedures and Figure S4). Finally, the topo-logical organization of the membrane-associated puta-
tive unprocessed LytE-GFP form was determined by
proteinase K accessibility in protoplasted cells. These
experiments indicated that the GFP of the higher MW
form was also extracellular (Supplemental Experimental
Procedures and Figure S5).
LytE-GFP Localizes to the Lateral CW as Well
as at Division Sites
Although the fluorescence signals were weak and re-
quired relatively long exposures, they were specific to
the LytE-GFP fusion because no signal was detected
in the absence of inducer when the fusion protein was
under control of a xylose-inducible promoter (Pxyl) (Fig-
ure 4B). The majority of LytE-GFP signal appeared to
be associated with the periphery of the cells, as ex-
pected (Figure 4A). The fusion protein specifically local-
ized at ongoing division sites (arrows) and at cell-sepa-
ration sites (arrowheads), as expected too based on
previous IFM studies (Yamamoto et al., 2003). However,
a weak uneven fluorescence was also detected all over
the cylindrical parts of the cells. Strikingly, this punctate
fluorescence over the lateral wall was reminiscent of the
helical distribution displayed by MreB proteins. How-
ever, technical limitations preclude us from making
any more definitive statements about the sidewall local-
ization pattern of LytE (see also below). Similar images
were obtained from cells grown at a range of xylose con-
centrations, in a DlytE mutant background (strain
2589J), and when lytE-gfp was in place of wild-type
lytE under control of the endogenous promoter (strain
2590J; data not shown).
Lateral Wall Localization of LytE Depends on MreBH
If the interaction of MreBH and LytE were physiologically
relevant, the localization of LytE-GFP might be altered in
an mreBH mutant background. Western blotting
showed that the amount of the presumed mature and
unprocessed forms of LytE-GFP was not affected by
mreBH disruption (Figure 4C). The patterns of localiza-
tion in wild-type and mreBH mutant backgrounds were
then compared. In wild-type cells, the discrete fluores-
cence signal was clearly partitioned between the cylin-
drical part of the cell and the cell poles and division sites,
as mentioned above (Figure 4D, left panels, see also
Figure 4A). The considerable level of punctate fluores-
cence in the cylindrical parts of the cells was particularly
evident when the fluorescence images were inverted
(Figure 4D, right panels). The signal in cells lacking
MreBH (Figure 4E) differed in two clear ways. Firstly, it
was substantially diminished in the cylindrical part of
the cell, with very little punctate fluorescence. Secondly,
it was increased at division sites and in particular at cell
poles (arrowheads), as if the fluorescence from the lat-
eral wall had been redistributed to division sites. Similar
results were obtained in different mreBH mutant back-
grounds, such as when mreBH was disrupted by an
integrating plasmid (strain 2587J; not shown).
To test if the punctuate fluorescence of LytE-GFP
seen in the lateral wall is specifically dependent on
MreBH, the localization was also checked in mutants
of the other two actin homologs, mbl and mreB. Cells
were grown in CH medium supplemented with a mixture
of sucrose, MgCl2, and malic acid (SMM). Under these
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Septal Localization of LytE Depends on PBP 2B
(A and B) Subcellular localization of LytE-GFP. Cells of strain 2585J
were grown in CH medium in the absence (B) and in the presence (A,
0.1% xylose) of inducer. The arrows indicate cell division (future cell
separation) sites. The arrowheads point to newly formed poles be-
tween two separating cells.
(C) Western blot showing the expression of LytE-GFP in wild-type
(strain 2585J, lane 1) and DmreBH (strain 2586J, lane 2) cells (shown
in [D] and [E], respectively) grown in the presence of 0.5% xylose.
Total protein extracts were blotted with anti-GFP antibody. The dou-
ble arrow and the arrow indicate the presumed unprocessed and
mature forms of LytE-GFP, respectively. The molecular weight
marker indicated on the right is 62.5 kDa.
(D–E) Localization of LytE-GFP in the wild-type (D) and the DmreBH
(E) backgrounds. The panels to the right are the inverted images of
the LytE-GFP fluorescence images (unprocessed) shown on their
left. The arrowheads show the fluorescence retained at the poles
in mreBH mutant cells.
(F–I) LytE-GFP fluorescence in cells of strains 2592J (Pspac-pbpB,
amyE::Pxyl-lytE-gfp) (F and G) and 2597J (DmreBH, Pspac-pbpB,
amyE::Pxyl-lytE-gfp) (H and I) grown in CH medium in the presence
(F and H) and in the absence (G and I) of the inducer (IPTG) of theconditions, the mreB null mutant grows normally and
displays no cell-shape defects (Formstone and Erring-
ton, 2005). CH/SMM also reduced the shape defects as-
sociated with the mbl mutant, which also has a sensitiv-
ity to low Mg2+ (data not shown). Significantly, LytE-GFP
was found to localize throughout the lateral wall in both
the mreB and mbl mutants, similar to the wild-type
background, whereas in the mreBH mutant it showed
the same clear differences described above (Figure 5).
To try to get clearer evidence for the effect of mreBH
mutation on the distribution of LytE-GFP fluorescence,
we repeated the experiment in elongated cell filaments,
obtained by depleting the essential cell division protein
PBP 2B. In the presence of IPTG (inducer of pbpB in the
conditional mutant strain), the normal localization of
division protein PBP 2B. ‘‘i’’ to ‘‘iv’’ in (G) and (I) show progressive
filamentation of PBP 2B-depleted cells. The arrows show sites
where rare septa had been formed in filamentous cells. Scale bars:
4 mm.
Figure 5. Lateral Wall Localization of LytE Is Specifically Dependent
on the MreBH Isoform
(A–D) Subcellular localization of LytE-GFP in the wild-type (A, strain
2585J), DmreBH (B, strain 2586J), DmreB (C, strain 3797), and Dmbl
(D, strain 2583J) backgrounds. Cells were grown to midexponential
phase in CH supplemented with 0.5M SMM in the presence of 0.5%
xylose and imaged on agarose-coated slides. The panels show
phase contrast and LytE-GFP fluorescence images of typical cells.
Scale bar: 4 mm.
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midcell (Figure 4F). When IPTG was removed, aseptate
cell filaments began to form (Figure 4Gi), and only
a few transverse bands of LytE-GFP were observed in
these elongated cells, usually at midcell (arrows in Fig-
ures 4Gi and 4Gii). In longer filaments, the fluorescence
was distributed throughout the length of the cell, and
transverse bands of LytE-GFP were absent (Figures
4Giii and 4Giv). These results showed that the enrich-
ment of LytE-GFP to cell division sites is dependent on
the PBP 2B protein. When the experiment was repeated
with an mreBH mutant strain, the patterns were clearly
different. In the presence of IPTG, the enrichment at di-
vision septa and cell poles and lack of signal in the side-
wall were again seen (Figure 4H, see also Figure 4E).
Crucially, in the long aseptate filaments formed in the
absence of IPTG (Figure 4I), the LytE-GFP signal was
mostly associated with a few bright transverse bands
that clearly represented cell poles or rare division sites
(arrows), and the fluorescence signal was almost en-
tirely absent in the remaining elongated cylinder. These
results strongly supported the notion that localization of
LytE to the lateral wall depends on MreBH. Similar pat-
terns of localization were observed when division was
blocked at an earlier stage, by depletion of FtsZ (not
shown). These results also establish that targeting of
LytE-GFP to division sites is dependent on both early
(ftsZ) and late (pbpB) division genes.
Discussion
A Role for MreBH in Cell Wall Maturation
MreB proteins play an essential role in the control of cell
morphogenesis in most nonspherical bacteria. Of the
three MreB homologs in B. subtilis, MreB and Mbl
have been extensively studied and demonstrated to
have important roles in the control of cell shape, proba-
bly via a role in directing localization of PG synthesis
(Carballido-Lo´pez and Errington, 2003b; Daniel and Er-
rington, 2003; Defeu Soufo and Graumann, 2004, 2005;
Formstone and Errington, 2005), but until now, the func-
tion of MreBH remained unknown. Detailed analysis of
the phenotype of an mreBH null mutant revealed several
defects in cell morphogenesis that could be attributed to
effects on CW synthesis or maturation. mreBH mutants
required higher levels of Mg2+ for viability than the wild-
type, and all aspects of the mreBH mutant phenotype
were strongly affected by Mg2+ concentration (Figure 1).
This kind of dependence on Mg2+ concentration has
been reported for several B. subtilis mutants thought
to be affected in different aspects of CW synthesis and
structure (Formstone and Errington, 2005; Lazarevic
et al., 2005; Leaver and Errington, 2005; Murray et al.,
1998; Rogers and Thurman, 1978; Rogers et al., 1976).
These observations suggest that the primary defect
of mreBH mutants relates to some aspect of CW
metabolism.
LytE as a Direct Effector of MreBH Function
Genomic yeast two-hybrid screening identified LytE as
a direct interacting partner of MreBH (Figure 3). Interac-
tion required only the C-terminal domain of LytE, which
comprises its putative catalytic peptidoglycan hydro-
lase (PGH) domain (Margot et al., 1998). A C-terminalsubdomain of MreBH was also identified as being re-
quired for this interaction. The interaction was specific
for MreBH and was not detected in assays with MreB
or Mbl. Biochemical pull-down experiments provided in-
dependent support for the existence of this physical
interaction and its specificity. Close inspection of the
lytE mutant phenotype revealed striking similarities to
that of mreBH mutants, including the long, thin, and
bent morphology, and the effects of Mg2+ concentration
on both growth and morphology (Figure 1 and Figure S1
and Table S1). Thus, impaired LytE function might be
responsible in large part for the CW defects of mreBH
mutants. This phenotypic similarity lent support to the
physiological relevance of the yeast two-hybrid interac-
tion, as did the dependence onmreBH for LytE targeting
to the cylindrical part of the cell (see below).
MreBH-Dependent Localization of LytE
into the Cylindrical Part of the CW
Use of a functional LytE-GFP fusion confirmed the pres-
ence of LytE at sites of sister cell separation in living
cells, as previously reported by IFM (Yamamoto et al.,
2003). However, in the light of our discovery of an addi-
tional role for LytE in extension of the cylindrical part of
the CW, it was gratifying to detect discrete LytE-GFP
fluorescence, also, in the cylindrical part of the CW. In-
deed, PG hydrolases must be active throughout the lat-
eral wall to allow cell elongation. A requirement for the
inside-to-outside model of CW growth is that autolysins
hydrolyze old PG layers allowing the newly inserted PG
layers to expand and become load bearing (Smith et al.,
2000). Importantly, the lateral-wall-associated fluores-
cence was consistent with a helical distribution, and it
was virtually absent in mreBH mutant cells (Figures 4E,
4H, and 4I, see also Figure 5B) but present in mutants
of either mreB or mbl (Figures 5C and 5D, respectively),
suggesting that placement of LytE in the lateral wall is
specifically dependent on the MreBH helical cables.
We suggest that interaction with MreBH results in tar-
geting of LytE to the cylindrical part of the cell. The func-
tional significance of this interaction is supported by the
similar cell-wall-related defects exhibited by lytE and
mreBH mutants (Figure 1), the correlation between the
ability of MreBH (and not of MreB or Mbl) to bind LytE
in vivo (Figure 3C) and in vitro (Figure S2), and to be re-
quired for its lateral CW localization (Figure 5). At current
technical levels of resolution, it is not possible to rigor-
ously test for colocalization of the two proteins, espe-
cially given the weak signal of the LytE-GFP fusion.
Furthermore, even if the proteins colocalize during the
initial insertion of LytE into the CW, the different dynam-
ics of expansion and rotation of the external wall versus
MreBH cable growth in the cytosol, suggest that any
colocalization would be lost during subsequent elonga-
tion of the cell and maturation of the CW. The ultimate
pattern observed for LytE would then reflect a rather
complicated history (see below). Nevertheless, images
such as those in Figures 4 and 5 showed that localization
of LytE-GFP to the cylindrical part of the cell is specifi-
cally dependent on MreBH.
A striking feature of the MreBH-LytE interaction is that
the ultimate destinations of these proteins lie in different
compartments. MreBH is a predicted ATPase that is al-
most certainly cytosolic or associated with the inner
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(A) MreBH, MreB, and Mbl are hypothetically shown to form a triplex helical structure closely associated with the inner surface of the membrane.
Mbl is at least in part responsible for positioning a complex peptidoglycan synthetic machinery (pale green) that generates new PG along a helical
tract dictated by the actin-like filaments. At the same time, MreBH recruits LytE (orange; spherical, PG-hydrolase subdomain; cylindrical, CW
binding subdomain) in the cytoplasm for insertion into these sites of wall assembly (a), so that the autolysin is built into the new PG in parallel
with its synthesis (b).
(B–D) Fate of the newly synthesized PG during cell extension and cell wall maturation. The MreBH, MreB, and Mbl protein filaments are colored as
in (A), within a cut away section of a cell cylinder. Three stages in the maturation of a strip of nascent PG inserted along the triplet filament struc-
ture are shown. (B) A meshwork of nascent PG (black lines) is assembled on the outside of the membrane, overlying the MreB triplex. At the same
time, LytE molecules (orange) are inserted and become associated with the PG strands. (The box outlines a segment of the cell equivalent to the
close up shown in panel [A].) According to conventional models of wall structure in gram-positive bacteria, the new PG is inserted in an un-
stressed configuration. The LytE endopeptidase is assumed to have little or no activity here because autolysins are thought to require a stretched
form of PG as substrate (reviewed by Smith et al., 2000). (C) As the cell elongates (horizontal arrows), the MreB cables will have moved away
because their dynamics and continuous remodeling result in them scanning across the surface of the cell (Carballido-Lo´pez and Errington,
2003a). Meanwhile, the segment of PG becomes stretched along the long (growing) axis of the cell, and it moves outwards (vertical arrow) as
it is underlain with new PG layers (not shown). (D) Eventually, following further cell elongation, the PG layer reaches the outermost region of
the wall and becomes fully stretched and load bearing. LytE becomes active (green) and can now act on the fully stretched peptide bonds to
release the tension in the wall and allow further length extension of the cell.face of the cytoplasmic membrane, whereas LytE is an
extracellular, CW-associated protein. Therefore, inter-
action between the two proteins most likely occurs in
the cytoplasm, before or during the export of LytE.
LytE appears to have a conventional, Sec-dependent
signal peptide at its N terminus, and analysis of the
LytE-GFP fusion in mutants of the alternative twin argi-
nine translocation (Tat) pathway have so far failed to re-
veal a requirement for Tat-dependent transport (R.C.-L.,
unpublished data), so we anticipate that it is probably
exported via the Sec pathway. Interestingly, two essen-tial components of the Sec machinery, SecA and SecY,
were recently shown to localize in a helical pattern
in B. subtilis. However, these helical-like structures
seemed to be independent of either MreB or Mbl
(Campo et al., 2004). To establish if MreBH had any ef-
fect on their localization, we compared the distribution
of GFP fusions to both SecA and SecY in the wild-type
and the mreBH mutant. Inducible SecA-GFP and GFP-
SecY fusions localized to discrete sites throughout the
membrane, indistinctly of the presence of MreBH (Fig-
ures S6C–S6F). When SecA-GFP was expressed from
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eral localization that was also independent of the pres-
ence of MreBH (Figures S6A and S6B). Thus, the locali-
zation of the Sec components did not show any clear
relationship to the localization of MreBH/LytE, and loss
of MreBH did not result in any obvious reorganization
of the Sec apparatus. We also failed to detect a direct in-
teraction between MreBH and either SecA or SecY by
using the yeast two hybrid system (data not shown).
These findings suggest that recruitment of LytE by the
membrane-associated helical MreBH cables could be
sufficient to promote transport of LytE at these points
by the Sec translocons distributed throughout mem-
brane. It remains possible that LytE transport is medi-
ated by a completely novel export pathway. Although
molecular details of the interaction between LytE and
MreBH will need to be worked out, the data described
herein strongly suggest that a transient interaction of
LytE and MreBH prior to transport actively positions
LytE in the cylindrical part of the cell. At any given mo-
ment, the pattern of newly inserted LytE should coincide
with the helical path of MreBH.
Colocalization of MreB Isoforms in B. subtilis
The colocalization of MreB, Mbl, and MreBH proteins
could solve several conundrums that were posed by
the alternative of having more than one kind of helical
structure in the cell, for example, the problem of how
the structures might interact or interfere with each other
at crossover points. We suggest that our previous de-
tection of different helical forms of the MreB and Mbl ca-
bles by immunofluorescence microscopy (in separate
imaging experiments) (Jones et al., 2001) was due to
the analysis of different cell populations and to the epi-
tope tag needed for detection of MreB. At present, we
do not know the structural basis for the colocalization.
It is thought that MreB-like structures are composed of
and exchange units in the form of lateral bundles of pro-
tofilaments in vivo (Carballido-Lo´pez and Errington,
2003a; Esue et al., 2006). Thus, it seems likely that the
MreB homologs form some kind of mixed heteropoly-
meric bundles such as those depicted in the model
shown in Figure 6B, but further work is needed to estab-
lish even that they interact directly. Nevertheless, the
fact that the proteins occupy similar space in the cell
has important potential implications because it means
that any functions associated with the different isoforms
could be spatially and temporally coordinated. We pre-
viously showed that PG synthesis occurs in a helical
configuration over the lateral wall and that Mbl is impor-
tant for this pattern (Daniel and Errington, 2003). Work in
other labs supports the idea that a PG-synthesizing
machinery may be associated with MreB proteins in
a wide range of organisms. We now show that export
of a major autolytic enzyme could also be built into the
wall structure as this is synthesized, governed by an
MreB isoform.
Finally, although the discrete localizations of several
PBPs were independent of either MreB or Mbl in
B. subtilis (Scheffers et al., 2004), on the basis of our co-
localization data, it is tempting to speculate that they
can be positioned by any two or even three of the
MreB isoforms acting redundantly.Role of Targeted Insertion of Autolysins
in Cell Morphogenesis and Growth
The model shown in Figure 6A summarizes how the pu-
tative triplex structure containing MreB, Mbl, and MreBH
could spatially control both the PG-synthesizing machin-
ery and the localized insertion of LytE. LytE would be di-
rectly targeted for export by MreBH to specific sites near
the membrane. It seems plausible that the MreBH cables
(or more likely the MreB-Mbl-MreBH triplex) would direct
the localization of the translocon that carries out the
transport of LytE, too. Figures 6B–6D then depict the
possible implications of lateral wall localization of LytE
on the maturation of the CW during cell growth. For cylin-
drical cell wall extension to occur uniformly, the helical
insertion of new material at the membrane surface needs
to be precisely balanced by cleavage of the older
stretched material in the periphery of the wall (Koch,
1989). The colocalization of the MreB isoforms and the
recruitment of LytE by MreBH ensure that the autolysin
is associated with the newly synthesized PG. As tracts
of PG mature and reach the surface, they are already
seeded with the enzyme that can relax the tension and
allow the cell to extend. In the absence of LytE or MreBH,
turnover of the wall (by other autolysins) would be inad-
equate or uneven, resulting in the twisting and bulging
phenotypes observed, particularly at low Mg2+ concen-
trations. Therefore, the overall strategy by which B. sub-
tilis achieves controlled extension and accurate mainte-
nance of its rod shape may be based on a helical pattern
of insertion of both PG synthesizing and PG hydrolysing
activities, governed by MreB proteins.
Experimental Procedures
General Methods
Methods for growth of Bacillus subtilis, transformation, selection of
transformants, etc., have been described extensively elsewhere
(e.g., Marston and Errington, 1999). Protoplasts from exponentially
growing cells were prepared as described by Wu and Errington
(1998).
Bacterial and Yeast Strains and Growth Media
B. subtilis strains used in this study are listed in Table S2. The strat-
egies for their construction, as well as the sequences of all primers,
are available upon request. Gene disruption was confirmed by PCR.
B. subtilis strains were grown to midexponential stage from a fresh
overnight plate at 37C in PAB (oxoid antibiotic medium number 3) or
Luria Bertani (LB) rich medium and then diluted back to and OD600 of
0.01–0.05 in either PAB, LB, 2TY, casein hydrolysate (CH) medium
(Partridge and Errington, 1993), or modified salts medium (MSM)
and allowed to grow at 30C or 37C. MSM was a modification of
the Mg2+-free SMMM minimal medium (Murray et al., 1998), contain-
ing 0.2% glucose. Where SMM was added, the above media were
made at 23 concentration and diluted 1:1 with a 1 M SMM solution
(1 M sucrose, 33.7 mM maleic acid, 40 mM MgCl2 [pH 7.0]). Antibi-
otics were used at the following concentrations: chloramphenicol,
5 mg/ml; kanamycin, 5 mg/ml; spectinomycin, 50 mg/ml; erythromy-
cin, 1 mg/ml; phleomycin, 0.2 mg/ml; and tetracycline, 10 mg/ml.
Expression of inducible cfp, gfp, and yfp fusions was induced by ad-
dition of 0.1%–1% xylose to the culture media. Depletion of FtsZ and
PBP 2B were performed as described previously (Carballido-Lo´pez
and Errington, 2003a). Saccharomyces cerevisiae strains were
grown at 30C in rich YEPD medium or in synthetic complete me-
dium (SC) lacking the appropriate amino acids (Leu, His) or nucleo-
tides (Ade, Ura) (Guthrie and Fink, 1991).
Yeast Two-Hybrid Experiments
The B. subtilis proteins were expressed as baits in yeast and used to
screen threeB. subtilis prey genomic libraries (BSL-C1, BSL-C2, and
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408BSL-C3) as described previously (Noirot-Gros et al., 2002). A sys-
tematic verification of the specificity of all interactions obtained in
the screenings was carried out to eliminate false positives. For spe-
cific two-hybrid experiments, B. subtilis ORFs (full-length or partial
domains) were amplified by PCR from strain 168 chromosomal
DNA and cloned into the pGBDU (‘‘bait,’’ Ura+) and the pGAD
(‘‘prey,’’ Leu+) vectors, fused to the C terminus of the GAL4 DNA
binding domain (BD) and the GAL4 activation domain (AD), respec-
tively. The hybrid plasmids were isolated from E. coli. The haploid
strain PJ69-4a of S. cerevisiae was transformed by different combi-
nations of bait vectors. Ura+ colonies were mated (in duplicate) with
haploid PJ69-4a strains containing various prey vectors, and dip-
loids (Ura+ Leu+) were selected on SC-LU. Interaction phenotypes
were scored by replica-plating the diploids onto selective plates
as described previously (Noirot-Gros et al., 2002).
Microscopic Imaging
Microscopy was performed essentially as described previously (Car-
ballido-Lo´pez and Errington, 2003a). Samples of live cells in culture
medium or protoplasts were examined either on polysine-treated mi-
croscope slides (BDH) or immobilized on a thin film of 1.2% agarose.
Fluorescence staining of membranes of live cells growing in CH me-
dium was done with Nile-Red or FM5-65 (Molecular Probes). For
Figure 1C and Figure S3C, samples of growing cells were fixed in
70% ethanol (Hauser and Errington, 1995) to visualize division septa.
For most microscopy experiments (Figures 2 and 4 and Figures
S1, S3B, and S4) phase contrast and fluorescence were visualized
with a Zeiss Axiovert 200M microscope coupled to a Sony CoolSnap
HQ cooled CDD camera (Roper Scientific Ltd.). For GFP detection,
the FITC filter or the more stringent S484/153 filter were used, as in-
dicated. CFP and YFP fluorescence were detected with filter sets
31044V2 and 41028, respectively (Chroma, Brattleboro, VT). For
dual color acquisition (Figures 2C–2F), the YFP channel was imaged
first followed immediately by the CFP channel. Images were ac-
quired, analyzed, and processed with Metamorph v. 6.0 software
(Universal Imaging, PA). For Figure 1C and Figure S3C, a Zeiss Axi-
oskop microscope and an Olympus digital camera C-3030 were
used. Images were assembled with Adobe Photoshop v. 7.0.
Supplemental Data
Evidence for a direct interaction between MreBH and LytE. GFP-
LytE is N-terminally processed and cytosolic. LytE-GFP is N-termi-
nally processed and CW and membrane associated. LytE-GFP is
functional. LytE-GFP fluorescence is extracellular. Membrane-
associated LytE-GFP is also extracellular. Supplemental Data are
available online at http://www.developmentalcell.com/cgi/content/
full/11/3/399/DC1/.
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